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Introduction
The hydrogen-bonding interaction is quite unique in terms of its vectorial character in solution, so that the hydrogen bonds play a leading role in most biological events. For example, complementary hydrogen bonds arise in a very specific fashion between the purine and pyrimidine bases of the two strands of double-helical DNA in order to define the duplex architecture and to regulate the genetic information. 1 The directed hydrogen-bonding interactions are also seen in enzyme-substrate and in protein-saccharide complexes.2 In this connection, constructing synthetic models through employing hydrogen-bonding is important in supramolecular chemistry because it may not only serve as a basic concept to understand biological functions but also lead to the development of new pharmaceutical methodologies, new types of biorelevant materials, etc.3 Among the many artificial hydrogen-bonding models, however, only a few of them have been effective for the recognition of biological molecules with a three-dimensional complexity such as saccharides.4 This is possibly because of the great difficulty in the molecular design and the synthesis of artificial models having multiple hydrogen-bonding sites that are arranged at one's own will.
One goal of our research is to create "intelligent" supramolecules and supramolecular systems, in which several conjugated functions are regulated by molecular recognition events. In 1990, we introduced conceptually new artificial receptors, crowned spiropyrans. 5 The isomerization of the spiropyrans to the colored merocyanines was induced by recognition of alkali-metal cations ( Figure 1 ). In our continuous studies,6 we are confronted with difficulties in the design and synthesis of the host architectures capable of recognizing three-dimensionally complexed saccharides via hydrogen bonds. Our project of this saccharide recognition is not yet complete, but is already bearing fruitful results. Thus, the present account deals with the performance of artificial receptors that have been designed and synthesized by us for biologically essential monosaccharides.7
2.
General One of the most important monosaccharides is ribose, of which derivatives are present in all living systems as a component of RNA and ATP. Although ribose can adopt both furanoside (five-membered ring) and pyranoside (six-membered ring) forms, the most important derivatives are furanosides with a )3-glycoside linkage ( Figure 4 ).12 Preliminary studies on the interactions were made by use of amide-substituted terpyridine 1 with CDC13-soluble methyl /3-ribofuranoside (2) . The 1H NMR spectra in CDC13 revealed that all hydrogen acceptors of the three pyridine nitrogens and at least one donor of the two amide-NH groups in 1 take part in the complexation with the ribofuranoside 2 ( Figure 5 ). The 1:1 stoichiometry of the complexation was confirmed by the continuous variation (Job) plots, and Benesi-Hildebrand analysis gave the association constant of Ka=30 M-1.13 Van four or five hydrogen bonds, respectively, and that no other intermolecular interaction was present. Increasing the electron dcnsity of the pyridine nitrogen, a definite increase in the binding affinity was anticipated due mainly to enthalpic factors.17 Indeed, alkoxy-substitution at the 4' position of the central pyridine ring showed further increment of the association constants. Thus, 3b revealed Ka value of 5200 M-1, the highest value recorded for the ribofuranoside receptors thus far synthesized. The binding mode was speculated on the basis of the complexation-induced shifts for the receptor and the ribofuranoside signals in the 1H NMR spectra (2 and 3a: 10 mM in CDC13) (Figure 7 ). Large downfield shifts were observed for the 2-C (2.55 ppm) and 3-C (2.50 ppm) OH protons of 2 and the NH proton of 3a (1.75 ppm), reflecting the formation of a multipoint hydrogen-bonded complex. A relatively small downfield shift of the 5-C OH proton (0.42 ppm) suggested that the direction of the primary OH group was not enough to take advantage of the full potential of the hydrogen-bonding site of 3 a. On the other hand, the OCH3 (ca. arrangement is convergently incorporated in the macrocyclic structures ( Figure 9 ). The new polypyridine-macrocyclic receptors 6 were prepared from 7 and 8 in a manner similar to that described for the synthesis of the ribofuranoside receptors 3. Final deprotection of MOM groups in the central pyridine ring afforded the desired pyridine-pyridone-pyridine type receptors 6 ( Figure  9 ).
To evaluate the recognition abilities of the receptors for deoxyribofuranoside in aprotic solvents, 3-n-octylthymidine (9) was chosen ( Figure 10 ). The n-octyl substituent makes the deoxyfuranoside soluble in such solvents and prevents the nucleobase residue of 9 from interacting with the hydrogenbonding motif of the receptors. Hence, one can assess a net interaction between the hydroxyl groups of 9 and the receptors. 1H NMR spectra afforded useful information on the hydrogen-bonded complex (6a and 9: 2.5 mM in CDC13). Large downfield shifts were seen not only for the 3-C OH (3.60 ppm) but also for the primary 5-C OH (2.95 ppm) protons in contrast to that for the combination of the ribofuranoside 2 and the ribofuranoside receptor 3 a (see 3.1). The hydrogen-bonding interaction of the newly developed central pyridone was confirmed in the downfield shift for the NH proton (2.50 ppm) as well as the amide-NH protons (1.02 ppm). These shifts of 6 a and 9 suggested the recognition mode, depicted in Figure 10 . Figure 8 . The electrostatic repulsion between the lone electron pairs of the pyridine nitrogens in 3 and the 3-OH groups of deoxyribofuranosides. Figure 9 . Synthetic scheme for 6. copyranosides, the three secondary OH groups (2-C, 3-C, and 4-C) are all equatorial, so pseudo-coplanarity of the hydrogen-bonding site for the terpyridine skeleton will be adequate. The cavity of the diphenylmethane-bridged receptors 3 and 6, however, is just fitted for incorporating the furanose structure, but too small to interact with the pyranose structure. Thus, we designed new polypyridine-macrocyclic receptors 10 possessing a large cavity by replacement of the short diphenylmethane bridges of 3 and 6 by a relatively flexible polyoxyethylene chain (Figure 11 ).
The synthetic strategy for the glucopyranoside receptors 10 was different from those for 3 and 6 because no cyclization proceeded between the diamonoterpyridines 4 with polyoxyethylene-bridged bis(benzoic acid) derivative 11. Success was achieved by base-mediated macrocyclization of the terpyridine-derived bifunctional phenols 12 and tetraethylene glycol di-p-tosylate (13) in the final step of 25% yield ( Figure  11 ). The substantially high yield for the cyclization might result from the template effect of the K+ cation of the base to the polyoxyethylene chain.20 Unfortunately, in all cyclizations described in this account, the presence of the corresponding monosaccharides which are to be recognized by the products, had no influence on the yields. Figure  12 .
(a) lation was corroborated on the basis of the complexationinduced downfield and upfield shifts of 15 ( Figure 12 ), in which rather small shifts were observed compared with those of 14.7d The next step of our investigations is the design and synthesis of a new type of glucopyranoside receptors that can also interact with the primary 6-C OH groups of glucopyranosides.
Conclusion and Future Perspective
Saccharides, which are sometimes called sugars and carbohydrates, have been found to play an important role in the intercellular recognition in connection with carcinogenesis and immune response. A limited number of artificial models, however, has been reported for saccharide recognition compared with those for nucleic acid and amino acid derivatives. We have developed polypyridine-macrocyclic receptors and showed the versatility of the terpyridine hydrogen-bonding motif for saccharide recognition. Recent results obtained in other laboratories also demonstrated the successful bindings of particular saccharides with significant recognition strength and important,outstanding properties.4,21 Now, the design of artificial receptors for saccharides and their derivatives looks easy enough to be similar to those for other biologically important molecules, although many challenging projects, including oligosaccharide recognition and applications to saccharide-reactions, remain to be explored.
